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A new acoustic method for directly measuring the flow resistance, and the compressibility of fibrous 
materials such as glass wool, is given. Measured results for monochromatic sound in glass wool are 
presented and compared with theoretically calculated results. The agreement between experimental 
results and theory is good. Results of measurements of characteristic impedance, attenuation, and 
phase shift for plane monochromatic traveling waves are presented and compared with theoretically 
calculated ones. Good agreement between experimental and theoretical results was found. 
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radius of fibers P 
square root of mean area per fiber P0, P 
complex compressibility of airin glass wool p(x) 
complex compressibility function defined in tube R 
imaginary compressibility function. It equals Ci in- R/ 
side sample, zero outside 
real compressibility function. It equals Cr inside t 
sample, C O outside u 
imaginary part of compressibility of air in glass u0 
wool V 
real part of compressibility of air in glass wool x 
compressibility of air itself 
heat capacity per mass of air at constant pressure Z 
dissipation factor for tube with glass wool 
dissipation factor due to imaginary part of com- 
pressibility ofglass wool Af 
dissipation factor due to viscous resistance of glass r] 
wool K 
dissipation factor for empty tube p 
element of volume pg 
pressure increase Pw 
element of distance P0 
energy stored in resonator to 
resonance frequency tOc 
Hankel function of zero-order first kind 
Hankel function of first-order first kind 
sound pressure wave vector; real part is attenuation 
constant. Imaginary part is phase shift per length o• 0 
thermal wave vector 
length of tube from end plate to microphone (a 2) 
length of sample 
power loss in resonator 
sound pressure 
sound pressure constants 
pressure at point x 
flow resistance of glass wool--real 






space coordinate from end plate of tube to point in 
tube 
characteristic impedance of air 
heat capacity of air at constant pressure divided by 
heat capacity at constant volume: for air= 1.40 
3-dB band with of resonance curve 
viscosity 
coefficient of thermal conductivity of air 
effective mass density of air--real 
mass density of glass in fibers 
mass density of glass wool 
mass density of air itself 
cyclic frequency = 2•X frequency 
complex cyclic resonance frequency for tube with 
sample 
real cyclic resonance frequency for tube with 
sample 
real cyclic resonance frequency for tube without 
sample 
mean value of fiber radius squared 
mean value of normalized temperature 
INTRODUCTION 
This paper reports measurements of the material param- 
eters compressibility and flow resistance that are used to de- 
scribe the propagation of audible sound waves in glass wool. 
The method used to measure the compressibility and the re- 
sistance is new. It will be described in some detail. 
Plane traveling waves can be described by attenuation 
per meter, phase shift per meter, and characteristic imped- 
ance. The methods used for measuring these are well known. 
Results will be given and compared with theory. 
The reported measurements were done with sound ve- 
locity perpendicular to the fibers of the glass wool. 
The measurements will be compared with the theoretical 
predictions. A full report of the theory will be given in an- 
other paper at a later time. The purpose of measurements i
to see if the physical assumptions of the theory are sufficient 
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to describe accurately the acoustic properties of glass wool. 
Early authors on measurement of the acoustic properties 
of sound absorbing material are Zwikker and Kosten (1949). 
They described many ways standing wave tubes may be 
used. In each case a sample of the material was placed in one 
end of a tube and in the other end was placed a sound source. 
Between the sound source and the sample was air. In this air 
a standing wave was generated. The ratio between the maxi- 
mum and minimum of the sound pressure was measured. 
From this the numeric value of the impedance could be cal- 
culated. If one measures the distance from the sample to the 
first minimum of the standing wave, the phase of the sound 
sample impedance may be found. 
The sample used for measurement by the tube method 
was placed on a rigid metal plate, which closed the tube. In 
the paper by Boker (1969) it is shown how one, from imped- 
ance measurements on samples of thickness 10 and 5 cm, 
can compute the characteristic impedance. The wave vector 
for monochromatic waves may also be computed. 
Hersh and Walker (1980) used a tube with a long 
sample, where reflections of waves in the sample could be 
neglected. They measured the pressure inside the sample 
with a very thin probe microphone. The distance from the 
surface of the sample to the microphone was measured, to- 
gether with the sound pressure. From this they found the 
attenuation constant of the sample, that is, the imaginary part 
of the wave vector. 
Allard et al. (1987) measured the impedance of a 1-m 2
blanket of glass wool placed on the asphalt of a large parking 
area. A wave of oblique incidence was generated by a loud- 
speaker several meters from the blanket. Sound pressure and 
velocity were measured by means of two microphones 
placed a little above the middle of the blanket. Allard et al. 
(1991) used a two-microphone method in an anechoic room 
with a rigid impervious floor to measure the impedance of 
the glass wool. 
Mcintosh et al. (1990) used a standing wave tube with 
several microphones that were used to measure the standing 
wave ratio. From the pressures detected by the microphones 
and their distances from the sample, the flow impedance and 
bulk modulus of the sample were computed from transfer 
function measurements. If properly implemented this method 
is accurate. 
In most tube methods one measures the impedance of 
the sample including reflections of waves from a rigid back 
plate. In this paper we are interested in measuring the intrin- 
sic properties of glass wool. We study the properties of glass 
wool itself independently of surfaces such as rigid back 
plate. 
It was thought that it would be more accurate to use a 
more direct method than the one used by Boker (1969) to 
find the characteristic impedance and wave vector. It was 
therefore decided to use thick samples for the measurements 
of the characteristic impedance and the wave vector. The 
sound waves were attenuated in the glass wool. The wave 
reflected from the back of the sample could therefore not 
interfere with the incoming wave in the front of the sample, 
if the samples were thick enough. They were always so thick 
that these reflections could be neglected. 
One can comlmte the compressibility and the flow resis- 
tance of the sample from measurements of the characteristic 
impedance and the wave vector. This was tried, but the re- 
sults were very scattered due to experimental errors in the 
measurements of characteristic impedance and wave vector. 
Much more nearly accurate values were needed for compari- 
son with theory. It was therefore decided to develop a new 
direct method of measuring the compressibility and flow re- 
sistance. This is presented in the following. 
I. THEORY 
A themy of compressibility and resistance of fiber ma- 
terials has been worked out by the author The details of the 
theory will be reported in another paper at a later time. Here 
some results will be given together with the assumptions of 
the theory. Only linear properties are considered, that is the 
sound pressure is assumed to be small. 
A. Compressibility 
Glass wool is regarded as a continuous medium for 
sound waves, beck, use the distances between fibers are much 
smaller than the shortest audible sound wavelength. Sound is 
connected with flow and compression of air For an infinitely 
small closed surface about a volume V, one defines the com- 
pressibility C as 
dV 
C- (1) V ,lp' 
where dV is the change in volume, when the pressure change 
is dP. 
When the air is compressed due to the sound waves, the 
temperature of the air between fibers increases. The tempera- 
ture increase is diminished by the heat conduction from air to 
fibers. The temperature of the air is calculated by solving the 
differential equation for heat transport. From this one finds 
the compressibility. The compressibility divided by the adia- 
batic compressibility of air itself is 
C/Co = 7- ( 7- 1 )(r), (2) 
C o is the adiabatic compressibility of air itself, 3' is the iso- 
thermal compressibility divided by the adiabatic compress- 
ibility for air alom: (y= 1.40 for atmospheric air), and (T) is 
a mean "temperatare" given by 
2,.ktaH[(kta} I -t (r): I (k.b)2•] , (3) 
where a is rrhe radiius of the fibers, and b 2 is the mean area 
per fiber. The H's are Hankel functions of the first kind of 
zero and first order and k, is the thermal wave vector, which 
equals 
k,= ,.//FrO•oC•,/•:. (4) 
where to is the cyclic frequency=2yrXfrequency, Po is the 
mass density of ai', % is the heat capacity of air of constant 
pressure per mass unit, and •: is the coefficient of thermal 
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conductivity of air. In this paper we use the complex time 
factor, 
e -itøt (5) 
where t is the time. 
B. Resistance 
Strictly speaking the resistance is a tensor because glass 
wool is anisotropic. However, if the pressure depends only 
on one space coordinate x, the resistance R can be defined 
from 
dp 
- d• = (R - io•p)u, (6) 
where p is the mass density of air and R and p are real 
quantities. 
The sound wave causes the air to flow between the fibers 
of the glass wool. The friction between air and fibers gives 
resistance to the air flow. The velocity of the air between the 
fibers was calculated from the linearized Navier-Stokes 
equation. From the calculated velocity the acoustic resistance 
was found. For sound velocity perpendicular to the fibers, the 
low-frequency limit is approximately 
R = (7) 
b2[ln(b/a)- •] 
C. Wave vector and characteristic impedance 
The propagation of sound in homogeneous glass wool of 
infinite extent is consideredß Plane monochromatic waves 
can propagate in the glass wool, but sound velocity and at- 
tenuation depend on the direction of propagation of the plane 
wave. Glass wool is anisotropic, because its fibers are almost 
all parallel with a planeß The pressure of a plane wave can be 
written 
p(x) =po eil•x, (8) 
where p(x) is the pressure at the coordinate x, P0 is a con- 
stant, and k is the complex wave vectorß The real part of k is 
the change of phase angle per meter, and the imaginary part 
is related to the attenuation of the sound wave. The wave 
vector can be computed from the resistance and compress- 
ibility, 
k= x/(o)2p + iwR)C. (9) 
We consider plane monochromatic sound waves in glass 
wool of infinite extent. The characteristic impedance Z 
equals the complex pressure divided by the velocity, 
z =p/u. (10) 
The characteristic impedance is a complex number that de- 
pends on frequency. It depends also on the direction of 
propagation. The characteristic impedance of a plane travel- 
ing wave is calculated from the compressibility and resis- 
tance, and we have 
Z= x/( wp+ iR )/ roC. (11) 
D. Assumptions of the theory 
The following is assumed in the theory: 
the fibers are parallel, 
the distances between fibers are random, 
all fibers have the same diameter, 
the fibers do not moveß 
These assumptions give results for the acoustic properties 
that are in accordance with all measurementsß But they are 
not exactly fulfilled for real fiber materialsß 
Real glass wool consists of glass fibers in an irregular 
space latticeß The fibers are glued together with phenol- 
formaldehyde resin. When seen in a microscope they are 
approximately parallelß In the bulk material they are to a high 
degree parallel to a fixed plane. It is therefore not unreason- 
able to assume they are parallelß 
The fibers are irregularly placed in the woolß The theory 
assumes they are completely randomly distributed. 
The theory shows that the acoustical properties of fiber 
material with fibers, which all have the same diameter, de- 
pend on the logarithm of the fiber diameter. The fiber diam- 
eters are not equal in real materials. But one may assume that 
the acoustical properties depend little on the diameter of the 
fibersß It is therefore reasonable to assume equal diameters of 
the fibersß 
The mechanics of real glass wool interacting with the 
sound wave is very complexß It seems that for the density of 
glass wool used for acoustical purposes, the movement of the 
fibers may be neglected [see Allard et al. (1991)]. All the 
acoustical properties predicted from the present heory agree 
(within the experimental errors) with the measurements pre- 
sented hereß 
E. Values of the parameters of the theory 
The parameters of the theory are the average area per 
fiber and the mean diameter of the fibers. 
The diameters were found by taking random samples 
and measuring the diameter with help of a microscope. The 
mean value was 6.8/zm with a standard deviation of 2.7 
for glass wool with density 16 kg/m 3. Glass wool with a 
higher density of 40 kg/m 3had the same mean fiber diameter. 
The square root of the average area per fiber b can be 
found from the mass density of the glass wool p,•, and the 
mass density of the glass in the fibers pg=2550 kg/m3; 
b= x/•'(a2)pg/Pw, (12) 
where (a 2) is the average of the square of the radius of the 
fibers. This was computed from the measured diameters of 
the fibers. The result was b=75_+5 /zm for glass wool with 
density of 16 kg/m 3and b=50-3 /zm for glass wool with 
density 40 kg/m 3. 
II. COMPRESSIBILITY 
A. Measurement setup 
A tube was used as a resonator. Figure 1 shows the tube 
apparatus. The tube was made of PVC. It was circular with 
an internal diameter of 102 mm, the wall was 4 mm thick. To 
the right in Fig. 1 was mounted a loudspeaker, the rear side 
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Microphone f
Holder ! 
• P•reamplifier to microphone 
Flange \11 •
I' L ?'Flange Lol•'•udsp eaker 
FIG. l. The tube apparatus used to measure compressibility of glass wool. 
The internal diameter of the tube was 102 mm. 
of which was enclosed by a PVC tube. The loudspeaker was 
connected to a tube, on which was glued a flange seen in the 
middle of the figure. Next to this flange was placed a ring- 
formed microphone holder, which was connected with 
screws to the flange of the left and right tube. A condenser 
microphone was used. Its membrane was placed flush with 
the internal surface of the tube. The left tube was closed with 
a 10 mm PVC plate fastened with screws to a flange on the 
tube. The glass wool sample was placed on the end plate 
inside the tube. The left tube could easily be replaced. Tubes 
of length from 0.2 to 3 m were used. 
The frequency was always so small that only plane 
waves could propagate in the tube. At the highest frequency 
a tube with a cross section of 2lX21 mm 2 was used. The 
electronic part of the measuring system is shown in Fig. 2. 
The filter was either a 1- or «-octave filter. 
B. The idea of the measurement 
A thin layer of glass wool was placed on the end plate of 
the tube. The distance from the closed end to the microphone 
was a quarter of the wavelength of sound in air at the fre- 
quency of measurement. The pressure at the microphone r - 
garded as a function of frequency has a minimum at the 
resonance. The resonance frequency was measured for the 
tube both with and without the glass wool. 
The air column may be regarded as mass-spring oscil- 
lator. The air at the microphone acts as the mass and the air 
at the closed end corresponds to the spring. 
When there is glass wool in the tube, the spring is 
weaker than it is when the tube is empty. When air is com- 
pressed heat is generated and the temperature rises. But this 
temperature rise is small for the air between glass fibers, 
because heat is conducted from the air to the fibers. The heat 
conduction is fast because the distances between fibers are 
Amplitie•Displ•ay 
M•crophon[,.• • 
• I Oscilloscope 
Loudspeaker I • 
FIG. 2. The electronic setup used to measure compressibility and resistance. 
small. If the temperature rise is small the pressure rise is 
small, therefore the air spring is weak when it contains glass 
wool. 
The resonance frequency is a little lower for the tube 
with glass wool than for the empty tube, because the weak 
spring gives a lower resonance frequency. If the shift in reso- 
nance frequency is measured, one may calculate the com- 
pressibilit5 of the glass wool. 
C. Measuremen,t procedure 
The length of the tube from the end plate to the middle 
of the microphoebe membrane was measured. The frequency 
of the pressure minimum of the tube without glass wool was 
measured. Actually, the two frequencies where the pressure 
was 3 dB over the pressure minimum where measured. The 
mean of these two frequencies was used as the resonance 
frequency, because this mean was more well defined than the 
frequency of the fiat minimum. 
The thickness of the sample was measured. The glass 
wool sample was placed on the end plate. The resonance 
frequency was measured. 
The filter in ]Fig. 2 was necessary because the fundamen- 
tal frequency of the sound pressure is suppressed by the reso- 
nance. Harmonics generated by the loudspeaker membrane 
were removed by the filter. These harmonics are not con- 
nected with nonlmearity of the sound waves. 
The compression is nonlinear at high pressure. In order 
to check for nonlinearity, the frequencies were always mea- 
sured with the following voltages on the loudspeaker 0.1, 
0.5, and 1.0 V. A further check for linearity was done by 
measuring the pressure on the end plate before the actual 
measurements. This was done by replacing the end plate by a 
plate with a microphone holder. This is not shown in Fig. 1. 
The pressure was observed on the oscilloscope. The com- 
pression was linear for all voltages on the loudspeaker used 
in the following measurements. 
D. Calculation of compressibility 
The sound velocity generated by the loudspeaker at the 
microphone could be assumed to be constant in a narrow 
frequency band •,bout the resonance frequency, because the 
sound pressure is very small in this frequency range. There- 
fore the resonance frequency was determined by the acoustic 
properties of the tube to the left of the microphone in Fig. 1. 
The resonance frequency can be computed by Ray- 
leigh's principle: 
2 fv(1/P)(VP)2 dv 
mr- fvCfrp 2 d• ' (13) 
where to• is the cyclic resonance frequency. The integration 
is done over the volume of the tube between the end plate 
and the microphc.ne. Here, d • is the element of volume, p is 
the mass density of air, and Cp is the real part of the com- 
pressibility n the tube (Cfr = C O for points outside the glass 
wool). For points in the wool, Cfr = Cr, which is the real part 
of the compressibility of glass wool. It is assumed that the 
pressure in the tube with glass wool is equal to the pressure 
in an empty tube, 
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P =P0 cos('rrx/2L), (14) 
x is measured from the closed end of the tube along its axis 
and L is the length of the tube from the closed end to the 
microphone. 
The length of the glass wool sample was much shorter 
than the length of the tube. From this fact one can show that 
the real part of the compressibility of glass wool divided by 
the compressibility of air is 
Cr for L 
Co wø 2 1 5'• +1' (15) 
where o• 0 is the cyclic resonance frequency of the empty 
tube, o• r is the cyclic resonance frequency of the tube with 
glass wool, and l is the length of the sample. 
The formula (15), which serves to compute the real part 
of the compressibility from experimental data, is simple, but 
it is not sufficiently accurate. The pressure in formula (14) 
has too big a value in the glass wool, because the glass wool 
attenuates the sound. The real pressure is therefore different 
from the pressure in Eq. (14). The formula is accurate if one 
uses a very thin sample, but in this case, it is difficult to 
measure the shift of resonance frequency. At a frequency of 
27 Hz the length of the tube was 3.13 m, and the length of 
one glass wool sample was 0.30 m. Here Cr/Co= 1.29 when 
computed from the above formulas. A more nearly precise 
computation is shown in the Appendix. It gave the value 
1.38. 
The imaginary part of the compressibility may be found 
from the dissipation factor. It was found from measurement 
of the 3 dB width of the resonance curve and from the reso- 
nance frequency. It is 
d = A f/f, (16) 
where d is the dissipation factor, Af is the 3-dB bandwidth, 
and f is the resonance frequency. 
The dissipation factor equals the power loss divided by 
the energy of the resonator times the cyclic frequency. That 
is, 
d=Pd/Eo&, (17) 
where Pa is the power loss and E is the energy stored in the 
resonator. 
There are three contributions to the dissipation factor of 
the tube with glass wool: d o from the empty tube, d c from 
the imaginary part of the compressibility of the glass wool, 
and d R from the viscous boundary layer resistance of the 
glass wool. Thus we have 
d=do+dc+d a . (18) 
The dissipation due to the compression of air in the glass 
wool can be written as 
fv CIiP 2de 
dc-fv Cfrp 2 de' (19) 
The integration is done over the volume in the tube between 
end plate and microphone. Here, C• is the imaginary part of 
the compressibility, which is a function of position. Inside 
the glass wool, it equals Ci, which is the imaginary part of 
the compressibility. Outside the glass wools, it is zero. From 
formulas (14) and (19) one can show that the imaginary part 
of the compressibility divided by the compressibility of air is 
Co •+ -1 d c, (20) 
where L is the length of the tube and l is the length of the 
sample. The dissipation factor d c in formula (20) is due to 
the compressibility. 
The dissipation factor due to the viscous resistance of 
the sample is needed. From Eq. (17) we get 
,%2 ax 
dR = , (21) 
o., fpu 2 ax 
where u is the velocity, which we assume is the same for the 
empty and the tube with glass wool. That is 
u = u0 sin( wx/2L ), (22) 
where u 0 is a constant. When Eq. (22) is set into (21), one 
gets the dissipation factor from the resistance of the sample: 
dn = •R13/12p• 3f . (23) 
The value R of the resistance was measured, and it is 
given in a following section of the paper. The dissipation 
factor due to the resistance was computed from (23); d and 
d 0 were measured. From Eq. (18) one can compute the dis- 
sipation factor due to the compressibility. •d from Eq. (20) 
one finds the imaginary part of the compressibility. The Ap- 
pendix gives the corrections for the resistance of the glass 
wool in a more mathematical way. 
The results of the measurements of the compressibility 
are shown in Fig. 3 for glass wool with a density of 16 
kWm 3. The thickess of the thin samples were found from 
the weight of the samples, their area, and the density of the 
glass wool. 
•. •ompari•on with th•o• 
The value of b =100•5 •m gave the best fit of theoreti- 
cal results to the experimental data. From density measure- 
ments described in Sec. I E, it was found to be 75•5 •m. 
Figure 3 shows the theoretical calculated cu•e together 
with the experimental points. The upper part of the figure 
shows the real part of the compressibility divided by the 
compressibility of air itself. At low frequencies the com- 
pressibility is high because the compression is isothermal, 
but at high frequencies it is low, because the compression is
adiabatic. 
The ratio be•een the compressibility at low frequencies 
and high ones is 1.40, if the compression at low frequencies 
is isothermal. However, this is not the case for the light glass 
wool used here, because the heat capacity of the glass fibers 
is not infinitely great, compared to the heat capacity of air at 
constant pressure. The ratio be•een the heat capacity of 
glass and air in a volume of glass wool, equals 10 for glass 
wool density of 16 kWm 3. From this one can compute he 
ratio between compressibility in the low- and high-frequency 
limit. This ratio is 1.36. The experimental data seems to be a 
little lower. 
The lower part of Fig. 3 shows the imaginary part of the 
compressibility of glass wool divided by the compressibility 
2276 d. Acoust. Soc. Am., Vol. 97, No. 4, April 1995 Viggo Tarnow: Measurement ofsound propagation i  glass wool 2276 











1o I 10 2 10 3 10 4 10 • 
Frequency in I-]z 
FIG. 3. The measured real and imaginary pan of the compressibility ofglass 
wool with a density of 16 kg/m 3divided by the compressibility of air. The 
curve was calculated from a fiber radius of 3.4 #m and an average distance 
between fibers of 100/.•m. 
of air itself. The imaginary part has a maximum at the tran- 
sition frequency, where the compression goes from isother- 
mal to adiabatic. 
III. RESISTANCE 
The resistance is an important property of glass wool. It 
determines, together with the compressibility, the sound ve- 
locity and attenuation. The resistance is defined in Eq. (6). 
A. Measurements setup 
The measurements were done with the tube shown in 
Fig. 1. The glass wool sample was placed across the tube 
close to the microphone at the left side in Fig. 1. At the 
frequency where the distance from microphone to the closed 
end of the tube was a quarter of a wavelength, the pressure 
was very low. The samples used at the high frequencies were 
thin, about 1 mm, in order to have a resonance with a small 
dissipation factor. The samples were supported by thin steel 
rods that prevented them from moving. 
The electronic system was the same as the one used for 
compressibility measurements, ee Fig. 2. 
R. Measurements procedure 
The thickness of the sample was measured. The thick- 
ness of the thin samples used at high frequencies were found 










10 t 10 z 103 104 
Frequency - Hz 
FIG. 4. The measured resistance of glass wool with a density of 16 kg/m 3. 
The sound velocity is perpendicular Io the fibers. The curve was calculated 
from a fiber radius of 3.4 p,m and an average distance between fibers of 89 
/•m. 
The glass wool was placed in the tube. The resonance 
frequency and the 3-dB width of the resonance curve was 
measured. From this one can calculate the resistance. 
The shift of the resonance frequency from the empty 
tube to the one with glass wool can in principle give p in 
formula (21). But it was not possible to detect such a fre- 
quency shift because the resonance curve was too broad. 
C. Calculation of resistance 
The dissipation factor for the resonator was calculated 
from Eq. (16). It was to be calculated from the measured 
data. 
The dissipation factor can be found from Eq. (21). This 
is done by setting the velocity from Eq. (22) into (21). One 
gets 
R = L topod/2 t. (24) 
The results of the measurements are shown in Fig. 4. It 
shows the real palt of the resistance. The continuous curve 
was calculated from theory. At low frequencies the real part 
of the resistance is constant. The resistance is proportional to 
the friction force on the fibers for a given mean velocity of 
air between the fibers. The force of friction is proportional to 
the gradient of the air velocity at the fiber. The gradient does 
not depend on frequency, if it is low. Therefore the resistance 
does not depend. on frequency. Athigh frequericies, however, 
the friction takes [,lace in a thin boundary layer close to the 
fibers. In this boundary layer, the gradient of the velocity is 
higher lhan it is in the low-frequency case. Thus resistance 
rises with frequem:y. 
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Frequency in Hz 
FIG. 5. The measured wave vector for a density of 16 kg/m 3. The sound 
velocity is perpendicular tothe fibers: * points are attenuation; + are phase, 
both measured with the tube; ¸ are attenuation; X are phase, both measured 
in anechoic room. The curves were calculated for fibers of radius 3.4/am, 
and an average distance between fibers of 95/am. 
D. Agreement with theory 
The continuous curve in Fig. 4 was computed from the 
theory. The radius of the fibers was assumed to be 3.4 •zm. It 
was measured as described in Sec. I E and b=89+-2 gm 
gave the best fit to the experimental data. The resistance is
sensitive to this distance. The quantity b=75-+5 /•m was 
found from the mass density. This is not far from the value 
from the measurements of resistance. One can conclude that 
the agreement between measurement and experiment is 
good. 
IV. A]-I'ENUATION AND PHASE SHIFT OF PLANE 
TRAVELING WAVES 
The definition of the wave vector is given in Eq. (8). We 
present in this section results of measurements of the wave 
vector for glass wool with two densities. Two measurement 
methods were used. A tube method and measurement in an 
artechole room. The two methods were used in order to get 
more reliable data by measuring the same physical object in 
different ways. Also, as the two methods do not have the 
same frequency range, they supplement each other. 
The measurements are compared with values theoreti- 
cally computed from densities and diameters of fibers. 
A. Tube measurements 
A thick layer of glass wool was placed in a PVC tube 
with an internal diameter of 102 mm. Sound waves were 
generated by a loudspeaker mounted inthe tube. It was fed 
10 2 
10 • 10 • 10 3 10 • 
Frequency in Hz 
FIG. 6. The measured wave vector for a density of 40 kg/m 3. The sound 
velocity is perpendicular tothe fibers: * points are attenuation; + are phase, 
both measured with the tube; ¸ are attenuation; x are phase, both measured 
in anechoic room. The curves were calculated for fibers of radius 3.4/am, 
and an average distance between fibers of 55 /am. 
with sine voltage. The sound pressure in the glass wool was 
measured by a microphone mounted flush with the wall of 
the tube. The microphone could be placed in several holes in 
the wall of the tube. The holes not in use were closed air- 
tight. The pressure was measured at different distances from 
the surface of the sample. The frequency and the voltage to 
the loudspeaker were constant. The glass wool sample was 
so thick that waves reflected from the end of it could be 
neglected. For the lowest frequency measurements the thick- 
ness was 0.5 m. 
The sound pressure in dB was plotted as a function of 
the distance from the loudspeaker, this is not shown in the 
figures. The points should ideally lie in a straight line, if the 
sample is thick enough. A line was drawn through the points. 
The slope of this line gave the imaginary part of the wave 
vector. Hersh and Walker (1980) used the same the proce- 
dure. 
The real part of the wave vector was measured in a 
similar way. A phase meter was connected to the microphone 
output voltages and the loudspeaker voltage. The phase dif- 
ference between loudspeaker voltages and microphone volt- 
ages was measured for the same positions of the microphone 
that was used for the attenuation measurements. The phase 
was plotted versus the distance from the loudspeaker. The 
points hould lie on a straight line. A line was drawn through 
the points. The slope of this line gave the real part of the 
wave vector. 
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FIG. 7. The measured impedance fora density of 16 kg/m 3. The sound 
velocity is perpendicular to the fibers: * points are real parts; + are imagi- 
nary ones, both measured with the 102-mm-diam tube; (2) are real parts; x 
are imaginary ones, both measured with a tube with cross section 21 X21 
mm 2. The curves were calculated for fibers of radius 3.4 p.m, and an average 
distance between fibers of 80 p.m. 
Figures 5 and 6 show the real and imaginary part of the 
wave vector for two densities of glass wool. 
B. Measurements in anechoic room 
Measurements of the wave vector were also done in an 
anechoic room. The glass wool samples were four slabs with 
dimensions 0.1x0.6x0.9 m 3. They were placed in a pile that 
attenuated the sound waves and prevented interference from 
waves in the wool reflected from the rear side of the pile. In 
order to prevent interference from waves from the side of the 
pile, it was placed in a box of 20-ram plywood sheets open 
on one side that faced a loudspeaker mounted above the box. 
The attenuation and phase were measured in the same way as 
with the tube measurements. The results are shown in Figs. 5 
and 6. 
C. Agreement with theo• 
The continuous curves in Figs. 5 and 6 were computed 
from the theory given earlier in this paper. 
The diameters of the fibers were known. The value of b 
that gave the best fit between theory and experiment was 
95*-5 and 55*_5/am. The corresponding values found from 
the mass density are 75--5 and 50*-3. One can conclude that 
the agreement between experiment and theory is sufficiently 
good to use the theory to predict the wave vector from fiber 
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FIG. 8. The mcasured impedance fora density of 40 kg/m 3. The •und 
velocity is peq•endicular Io the fibers: * points are real parts; + are imagi- 
nary ones, both measured with the tube; (2) are real parts; X are imaginary 
ones, both measured in aaechoic room. The curves were calculated for fibers 
of radius 3.4/am, and an average distance between fibers of 55/•m. 
V. CHARACTERISTIC IMPEDANCE 
The characteristic impedance is defined in Eq. (10). In 
the measurements reported here, the sound velocity was per- 
pendicular to the fbers of the glass wool. The measurements 
were done in a tube and in an artechole room. 
A. Tube measurements 
The tubes and samples used for wave vector measure- 
ment were also used for impedance measurements. The pres- 
sure of the •tanding wave in front of the glass wool sample 
was measured at two distances from the sample by a micro- 
phone mounted flush with the wall of the tube. The distances 
of the microphones from the sample were measured. From 
this the impedance of the glass wool sample was calculated 
in the usual way [see Mcintosh et aL (1990)]. 
The samples were thick so that waves reflected from the 
back of the sample were attenuated and could not interfere 
with the sound wave entering the sample. Thus the measured 
impedance quals the characteristic impedance of the glass 
wool. 
The results arg shown in Fig. 7 for glass wool with a 
density of16 kg/m 3, and in Fig. 8 for a density of40 kg/m 3. 
B. Measurements in anechoic room 
Impedance measurements were done in an anechoic 
room, with the same samples as were used for wave vector 
measurements. The: impedance was measured with the two- 
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TABLE I. Average distance between fibers determined from mass density of 
wool, compressibility, resistance, wave vector, and impedance. The mean 
diameter of fibers was measured to 6.8/.an. 
Density 
of wool Density Compressibility Resistance Wave vector Impedance 
kg/m 3 /am /am pan /am /am 
16 75 -+ 5 100 q- 5 89 -+ 2 95 +- 5 80 +-5 
40 50 q- 3 ...... 55 q- 5 55 +. 3 
microphone method in the way it was done with the tube. 
The results are shown in Fig. 8. 
C. Agreement with theory 
The continuous curves in Figs. 7 and 8 were computed 
from the theory in Sec. I. The diameters of the fibers were 
known. The values of b that gave the best fit between theory 
and experiment were 80-+5 and 55-+3 /am. This should be 
compared with the values found from mass density 75-+5 
and 50-+3 /am. One can conclude that the agreement be- 
tween experiment and theory is sufficiently good to use the 
theory to predict the wave vector from fiber diameters and 
density. 
Vl. CONCLUSION 
A new accurate method for measuring the resistance and 
compressibility of acoustic absorbers has been developed. 
The method was used on glass wool and the results were 
compared by theoretical computed values. Good agreement 
was found. 
Measurements of characteristic impedance, attenuation, 
and phase of monochromatic plane traveling sound waves in 
glass wool were also reported. The measurements were com- 
pared to theoretical results. Good agreement between experi- 
mental results and theoretical ones was obtained, see Table I. 
In the theory it is assumed that the fibers are parallel, the 
distances between fibers are random, all fibers have the same 
diameter, and the fibers do not move. These assumptions are 
sufficient o compute the acoustical properties of glass wool 
with good accuracy. They are adequate for predicting these 
properties in practical use of glass wool for acoustic pur- 
poses. 
APPENDIX: CORRECTIONS FOR COMPRESSIBILITY 
MEASUREMENTS 
The sound pressure in the glass wool placed in the quar- 
ter wavelength resonator was smaller than the pressure in the 
empty tube. This fact influences the computation of the real 
part of the compressibility. The resistance of the glass wool 
gives a dissipation of energy that must be taken into account 
when one computes the imaginary part of the compressibility 
from the measured data. The necessary corrections will be 
shown in this Appendix. 
We start by writing the wave equations for the sound in 
the tube. The momentum equation is 
- Vp = (Rœ- i•op)•i, (A1) 
where R! is a function of place. It is zero outside the sample. 
The equation of continuity is 
-- V .ti = Ci( - ito)p, (A2) 
where C/ is a function of place. Inside the glass wool it 
equals the complex compressibility of the wools; outside it 
equals the compressibility of air itself, Co. From Eq. (A1) 
compute the velocity 
Vp 
fi = -- (A3) 
Put •. (A3) into (•) 
•p V '(i•R,)=i•C/p. (A4) 
•is equation together with the bounda• conditions defines 
an eigenvalue problem. The boundary conditions are: the ve- 
locity is zero on the end wall of the tube and the pressure is 
zero at the microphone. The eigenfrequency and eigenfunc- 
tion of this equation are complex. 
Equation (A4) is multiplied by the complex conjugate of 
the pressure 
Vp p*V .(i•R/) =i•C,p*p. (•) 
•is equation is integrated over the resonator volume. Paaial 
integration is peffo•ed by use of Gauss' theorem for vec- 
tors. The term on the surface of the resonator is zero due to 
the boundary conditions. One gets the following equation for 
the complex resonance frequency •: 
fv IVP[2 d•=iWc fv CIIpl2 dr. (A6) R/- i•p 
•e pressure can be computed exactly. But the exact solution 
is too complicated to be useful. 
•e pressure outside the sample is 
P=Po cos(mx/2L), for l<x<L. (A7) 
The pressure in the glass wool can be expressed by the wave 
vector 
4( 
In the glass wool, the pressure is 
p=p• cos(kx), for 0<x</, (A9) 
where 
Po cos( •l/2L ) 
Pi = cos(k/) (A10) 
•is value makes the pressure inside the •ass wool continu- 
ous with the pressure outside the glass wool. 
•e velocRy in the tube with glass wool is taken to be 
) u= impo2L , for O<x<L. (All) 
•e •adient of the pressure was found from Eqs. (A1) and 
(All). •is gradient and the pressure from Eqs. (A9) and 
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(A10) were set into Eq. (A6) in order to calculate the com- 
pressibility. 
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